t e C h n I C a l r e p O r t S Single-cell genetic manipulation is expected to substantially advance the field of systems neuroscience. However, existing gene delivery techniques do not allow researchers to electrophysiologically characterize cells and to thereby establish an experimental link between physiology and genetics for understanding neuronal function. In the mouse brain in vivo, we found that neurons remained intact after 'blind' whole-cell recording, that DNA vectors could be delivered through the patch-pipette during such recordings and that these vectors drove protein expression in recorded cells for at least 7 d. To illustrate the utility of this approach, we recorded visually evoked synaptic responses in primary visual cortical cells while delivering DNA plasmids that allowed retrograde, monosynaptic tracing of each neuron's presynaptic inputs. By providing a biophysical profile of a cell before its specific genetic perturbation, this combinatorial method captures the synaptic and anatomical receptive field of a neuron.
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A central goal for neuroscience is to understand how neurons in the brain and spinal cord process information. Ultimately this requires information from combined electrophysiological, neuroanatomical, optical and genetic methods that together can address the necessary broad range of questions, from the level of genes and molecules up to single cells and circuits [1] [2] [3] [4] [5] [6] [7] [8] [9] . Electrical recording methods, such as the whole-cell patch-clamp technique, can provide a relatively complete biophysical characterization of an individual neuron. The optimization of this technique for in vivo applications has afforded increased stability and longevity so that the intrinsic, synaptic and spiking properties of cells in many superficial [10] [11] [12] [13] and deep structures [14] [15] [16] [17] [18] have been obtained. This method has been especially useful for determining the synaptic receptive fields of single cells in anesthetized 14 , awake head-fixed 14, 17, 19 and freely moving 20 animals so that synaptic activity can be linked directly to sensory processing 16 and behavior 17, 18 .
Concurrently, developments in optogenetics 8, 21, 22 and virus-based circuit tracing 3, 4, 23 have provided effective tools for manipulating and tracing neuronal circuits both in vitro and in vivo. For example, genetically controlling the expression of channelrhodopsin or halorhodopsin make it possible to selectively excite or inhibit the activity of defined sets of neurons in vivo 8, 24 . Viral strategies for expression are also becoming increasingly useful for spatially, temporally and genetically controlling network function 3, 25 and even tracing the anatomical connectivity of a single cell 26 . However, there is no method available that delivers both single-cell electrophysiology and genetic manipulation. Application of such a tool could be used to provide answers to questions that are fundamental to our understanding of the roles of single neurons in the context of a local network in an intact animal 27 .
The relatively large tip size of patch pipettes not only permits lowresistance intracellular recordings but also allows researchers to dialyze exogenous materials into the recorded cell 12, 14, 28 , which raises the possibility of delivering macromolecules such as plasmids. Here we examine the feasibility of combining in vivo whole-cell recording and gene delivery by answering four specific questions. Do cells survive for substantial periods after whole-cell recording in vivo? What is the likelihood and longevity of whole-cell recordings with internal solutions containing plasmid DNA? Can plasmid DNA dialyze into the cell and drive protein expression? Is protein expression restricted to the patched cell?
After demonstrating the feasibility of this approach, we highlight its potential by recording the synaptic responses of neurons in mouse primary visual cortex to presentation of drifting gratings while delivering vectors to allow monosynaptic retrograde labeling using a modified rabies virus 23 . Several days after virus injection we observed unprecedented numbers of labeled neurons, which made it possible for us to register a cell's synaptic receptive field and the presynaptic cells that define it.
RESULTS

Recovery rates of in vivo whole-cell recorded neurons
It is generally assumed that whole-cell recording substantially compromises cell viability. Therefore, when morphological confirmation is required after in vivo whole-cell recording, animals are usually killed immediately and the tissue fixed for histological analysis 29 . We directly tested this assumption by performing in vivo whole-cell recordings from cells in layers 2-5 of mouse neocortex using a biocytin-containing intracellular solution and assessing the incidence and morphology t e C h n I C a l r e p O r t S of labeled neurons several days after recording. The method for obtaining whole-cell recordings was essentially as described 14 . Briefly, we filled a glass electrode with a potassium-based intracellular solution and advanced it quickly to the target depth under moderate positive pressure (Fig. 1a) . We then reduced the positive pressure and advanced the electrode while monitoring the tip resistance. We removed the pressure upon 'hitting' a cell, judged by changes in the tip resistance (Fig. 1b) , and applied negative pressure to help with seal formation (Fig. 1c) . We achieved whole-cell access by brief bursts of negative pressure to rupture the cell membrane (Fig. 1d) . In the whole-cell configuration and in current-clamp mode, we recorded the current-voltage relationship (Fig. 1e ) and spontaneous and evoked activity. At the end of the recording we slowly withdrew the patch pipette while constantly monitoring the access resistance in voltage-clamp mode (Fig. 1f,g ). Pipette retraction usually resulted in membrane resealing (Fig. 1g) and formation of an outside-out patch (Fig. 1h) that was considered an important, though not essential, predictor of cell recovery. After whole-cell recording, we allowed mice to recover and returned them to their home cages (see Online Methods).
To assess the survival rate of recorded neurons, we terminated mice 24-51 h after recording, removed and fixed the brain and prepared slices (see Online Methods). Most of the recorded cells were pyramidal cells and their recovered morphologies typically included an apical dendrite that extended up to layer 1 (Fig. 1i) . The morphological criterion for classifying cells as recovered was that the cell soma and the proximal regions of at least four dendrites were visible. The number of recovered cells per brain that met this criterion never exceeded the number of cells recorded.
Our criteria for considering recorded cells as being potentially recoverable included that the initial series resistance was below 80 MΩ (Fig. 1j) . In most cases (>90%), these recordings were actively terminated as described above (Fig. 1) . In 10 cases where the retraction criterion was not met or series resistance was more than 80 MΩ, we successfully carried out another recording in the same animal at a different cortical depth. In these cases we recovered 3/10 cells in which recordings did not satisfy both criteria (Fig. 1j) . Cells that did not meet these criteria have not been further included. We found that parameters such as recording duration (up to 13 min) and recovery interval (up to 51 h) did not correlate with the likelihood of observing biocytin-filled cells (Fig. 1k,l) . According to these criteria, we recovered 78% (47/60) of recorded cells after biocytin visualization with Atto-565-or Alexa-488-conjugated streptavidin (Fig. 1i) . This indicates that neurons can reliably survive whole-cell recording and maintain their structural integrity.
Recording with internal solutions containing plasmid DNA To determine the feasibility of DNA loading during whole-cell recording, we performed recordings with intracellular solutions containing up to 350 ng µl −1 of plasmid DNA encoding fluorescent proteins (see Online Methods) and biocytin. Qualitatively, the likelihood of obtaining seals and low-resistance recordings with internal solutions containing DNA was similar to that found using standard internal solutions.
Cells recorded with plasmid DNA in the pipette had firing profiles typical of cortical neuronal subclasses 15, 29, 30 (Fig. 2a) . Stable resting membrane potentials, ongoing synaptic activity ( Fig. 2b) and overshooting action potentials (Fig. 2b) indicated that cells remained healthy for the duration of the recording (up to 13 min). All recordings were actively terminated after the intrinsic biophysical properties (Fig. 2a) and synaptic receptive fields of cells had been obtained (Fig. 2c,d) .
After slowly retracting the pipette, we allowed the mice to recover for at least 24 h (range 24-51 h) before perfusing them. Usually we recorded only one cell per animal, though in some mice several cells (typically two) were recorded in different layers, allowing electrophysiology and GFP fluorescence to be unambiguously matched. All recordings for these experiments were actively and successfully terminated. t e C h n I C a l r e p O r t S
Protein expression
We often recovered intensely fluorescent cells, which were always in the expected locations and had elaborate dendritic morphologies consistent with predictions from electrophysiological data (Fig. 2a,b) .
Of the 39 cells recorded with internal solution containing DNA, 22 to expressed GFP. In all cases where we found GFP-labeled cells (within 51 h of recording), cells were also positive for biocytin (Fig. 2e) . However, nine cells were biocytin-positive and did not express GFP. After immunohistochemical amplification, GFP-positive cells always contained label in dendritic spines and axons (Fig. 2f) . Unlike the biocytin label, we observed expression of the fluorescent protein only in single cells and never along the electrode tract (Fig. 2e) . In recordings in which the internal solution contained DNA, series resistance had a similar effect on recovery probability as with recordings with biocytin (Fig. 2g) ; recording duration and recovery interval seemed to have no effect (Fig. 2h,i) . Thus, after whole-cell recording with plasmidcontaining intracellular solution, 56% of cells expressed fluorescent protein specifically in and only in the recorded cell. The delivery of multiple genes into a specific neuron that has been electrophysiologically characterized has obvious advantages. We therefore investigated whether multiple vectors could be reliably co-expressed by including two or three types of plasmid encoding proteins that fluoresce at different wavelengths (for example, td-Tomato, Cerulean and Venus) in our intracellular solution. For experiments using multiple plasmids, 3/7 cells were recovered, and fluorescence was observed at all appropriate wavelengths in all recovered cells (Fig. 3a,b) .
These results show that neurons can survive in vivo whole-cell recordings. DNA plasmids in the intracellular solution do not impair the electrophysiological characterization of cells but readily dialyze into the neuron and cause the expression of exogenous genes. As plasmid DNA expelled into the extracellular space is not expressed, transfection is restricted to the recorded cell. This method therefore seems to be ideally suited to span neurophysiological and genetic approaches for understanding the function of specific cells and circuits in vivo.
Application: bridging single-cell function and connectivity The monosynaptic control of the spread of modified rabies virus into presynaptic neurons has been reported 23 . It is accepted that the native, non-modified rabies virus infects synaptically connected neurons exclusively in the retrograde direction 31, 32 and that this process relies on the rabies virus glycoprotein (RV-G) 33, 34 . When the RV-G gene is deleted and replaced by a gene that encodes a fluorescent protein, the modified rabies virus is rendered incompetent for trans-synaptic infection but can replicate inside the initially infected cell. Infection by RV-G-deficient rabies virus encapsulated with the avian sarcoma and leucosis virus envelope protein (SAD-∆G-mCherry-EnvA) is restricted to those cells that express an avian receptor protein (TVA) that is not expressed in mammals. Thus, if a single cell is transfected with vectors expressing TVA and RV-G, only this cell will be susceptible to initial infection and provide the incompetent virus with the RV-G required for trans-synaptic infection. The virus can therefore spread from the primarily infected cell to its presynaptic inputs and express fluorescent protein in these cells. However, as RV-G is not expressed in the presynaptic cells, the virus can spread no further. This approach therefore labels only first-order neurons that are presynaptically connected to the primary cell 23, 26, 32 . 
t e C h n I C a l r e p O r t S
To show the potential of genetic manipulation by whole-cell recording in vivo to bridge our understanding of cell function and connectivity we first recorded the intrinsic properties (Fig. 4a) and visually evoked synaptic responses (Fig. 4b) of layer 5 pyramidal cells in mouse visual cortex (n = 8) to drifting gratings of different orientations (see Online Methods). Synaptic responses were more broadly tuned than spiking output but showed similar orientation preferences 35, 36 (Fig. 4b,c) . Furthermore, the evoked synaptic activity fluctuated substantially during such responses in an orientation-specific manner (Fig. 4c) . During functional characterization we simultaneously delivered a vector that directed expression of both the TVA receptor and RV-G, and a second vector that directed expression of GFP (Fig. 4d,e) . We injected ~200 nl of SAD-∆G-mCherry-EnvA into layer 5 2 d after recording.
Between 4 and 13 d after injection we transcardially perfused the mice (n = 8) and prepared 100-or 200-µm-thick brain slices (see Online Methods). We then imaged fluorescent signals using confocal microscopy 37 . In three of the eight mice, we observed hundreds of mCherry-expressing neurons (n = 152, 221 and 666; Fig. 4d-g and Supplementary  Fig. 1 ) in and outside of primary visual cortex. In two of the remaining five mice, we observed a single GFP-expressing cell but no mCherry signal, probably indicating successful transfection in cells that were not subsequently infected with the pseudotyped rabies virus. In the remaining three mice we could not detect cells expressing either GFP or mCherry. In control animals (n = 2) that received only virus t e C h n I C a l r e p O r t S injection (500 nl) we observed six mCherry-positive glia and one neuron (Supplementary Fig. 1 ). These data show that by combining in vivo whole-cell transfection with trans-synaptic tracing methods it is possible to record the synaptic receptive fields of neurons while delivering the genetic machinery that is needed to identify the presynaptic cells whose activity underlie such receptive fields.
DISCUSSION
Here we have shown that the whole-cell patch clamp method can be used to transfect single cells during neuronal recording in vivo.
Perhaps the most unexpected aspect of our results is the high neuronal survival rate after in vivo whole-cell recording. This finding is consistent with a study in which neurons in acute cortical slices were patched and then re-patched up to 12 h later, and remained healthy although their connectivity could be altered 38 . Here, we have investigated cell mortality in vivo up to 51 h after recording using morphological criteria. Consistent with data obtained from slices, the large number of healthy neurons observed after in vivo recording ensures that the likelihood of genetic manipulation is relatively high (~50%). We found that, following transfection, neurons remained viable, as they continued to express reporter proteins for up to 1 week. The delivery of DNA into neurons through an intracellular recording method should be considered useful for any experimental system including neuronal and non-neuronal cultures where cells can be maintained for extended periods of time. In combination with electrical recording from the cell, the list of potential applications of this method includes genetic perturbation of intracellular signaling cascades and up-or downregulation of ion channels, membrane receptors, light-activatable ion channels or genetically encoded indicators, expressed across functionally related presynaptic circuits.
Series resistance seems to be the most important factor influencing the recovery rate of both biocytin-filled and DNA-loaded cells. This is consistent with evidence that the efficiency of loading substances such as dyes and biocytin is reduced as series resistance increases 28 . As with dye loading, the relatively low access resistance of intracellular recordings obtained with the patch pipettes used in vivo are suitable for DNA delivery. When we recovered cells from which we had recorded with intracellular solutions containing multiple reporter plasmids, we always observed all of the expected fluorescent proteins (up to three). Though we have not established an upper limit, this suggests that our transfection approach results in the reliable delivery of multiple plasmids. Given that plasmids can contain more than one protein-encoding sequence, a substantial number of genes could be delivered simultaneously by this method.
Genetic manipulation through electroporation has been complemented with two-photon imaging to allow targeted gene delivery to single neurons in the mouse brain 26 , with similar success rates to those reported here. Although such a targeted electroporation method is promising, its application is limited. Specifically, although action potentials in the target cell could, in principle, be detected 39 before electroporation, cell-attached recordings are highly restricted since they preclude measurements of synaptic and intrinsic properties. Second, successful single-cell in vivo electroporation has required visualization 26, 40, 41 , limiting this method to optically accessible structures in the intact brain. Although the whole-cell transfection method described here can be combined with optical monitoring to target specific cell types 30, 41 , we have used blind whole-cell recordings for single-cell transfection in optically inaccessible, deeper structures [14] [15] [16] [17] [18] . It therefore appears that any cell type that can be patched can be genetically modified in the process.
Here we used modified rabies virus-mediated monosynaptic retrograde tracing to demonstrate one application of combined whole-cell recording and multi-gene delivery. During recording of intrinsic properties and visually evoked synaptic responses we delivered genes to direct the infection and spread of SAD-∆G-mCherry-EnvA in the recorded cell. The resulting number of mCherry-labeled cells presynaptic to layer 5 neurons shown here substantially exceeds that for layer 2/3 cells observed in a recent electroporation study 26 . This disparity might reflect differences between the connectivity of layer 2/3 and layer 5 pyramidal neurons. However, the difference in the extent of presynaptic labeling might also reflect differences in the efficiency of plasmid delivery and protein expression between these two methods.
Wild-type rabies virus has long been used as a reliable retrograde trans-neuronal tracer 32 . By combining whole-cell recording and DNA delivery with retrograde tracing using modified rabies virus we have determined both the physiological properties and connectivity profile of a single neuron. By further combining this with either bolus loading of calcium dyes 42 or using virus-mediated genetically driven expression of calcium indicators [43] [44] [45] it will be possible to implement in vivo two-photon-based population imaging 2, 42, 46, 47 (at least of cells in upper cortical layers) to investigate temporal correlations of firing of known presynaptic cells and the unique synaptic responses recorded from the postsynaptic neuron. It will be interesting, for example, to investigate whether commonalities in connectivity reflect any bias in function.
Only by probing both the function and connectivity of specific cells and circuits can we obtain a complete understanding of the functional architecture of the brain 27 . The method of DNA delivery by whole-cell recording described here provides a versatile tool for both assaying and manipulating single cells and probing the functional connectivity of specific local and long-range networks.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
